The Platform for Research and Applications with Electrons (PRAE) is a multidisciplinary R&D facility gathering subatomic physics, instrumentation, radiobiology and clinical research around a high-performance electron accelerator with beam energies up to 70 MeV. In this paper we report the complete optics design and performance evaluation of a Very High Energy Electron (VHEE) innovative radiobiology study, in particular by using Grid mini-beam and FLASH methodologies, which could represent a major breakthrough in Radiation Therapy (RT) treatment modality.
INTRODUCTION
Currently most widely used RT modality is the conventional linear accelerator delivering 6-10 MV photon beams and, in a small proportion, 3-25 MeV electron beams. Higher energy photon beams (e.g. up to 25 MV) are or have been in use for clinical targets, but are not widely used RT techniques and generate neutrons. Currently, there is a growing interest in the biomedical community for VHEE beams ranging from 50 to 300 MeV [1, 2] . Increasing the energy above 70 MeV presents the following advantages: i) the penetration becomes deeper and the transverse penumbra sharper thus allowing a more precise treatment of deeper tumors ii) the small diameter VHEE beams can be scanned avoiding mechanical solutions such as the multileaf collimator iii) a rather smaller sensitivity to tissue heterogeneity can be achieved with VHEE beams under certain conditions [3] iv) VHEE accelerators may be constructed at significantly lower cost than current proton facilities. The VHEE could be of particular interest for treating deep, large or small tumours with several distinct beam entrances within the same radiotherapy session, performing better than current photonbased treatments in terms of doses delivered to surrounding healthy tissues [2] . This would allow to treat patients with VHEE beam directly or with innovative ways of dose delivery, with an increase of the normal tissue tolerance like Grid therapy mini-beams [4] or ultra-high dose rates FLASH beam [5] , in a more convenient manner with VHEE compared to conventional photon beams.
In the following, the design of a VHEE accelerator is illustrated, including the RF gun, the linac and a beam line dedicated to pre-clinical studies. Subsequently the interactions of different aspects of the VHEE with materials are shown. The platform layout and performance has been optimized to enable radiation biologists and radiation oncologists to investigate the molecular and cellular impacts of VHEE beams on normal tissues (e.g. brain, lung, gut) as well as tumours and compare these effects to conventional radiation therapies (e.g. 5-25 MeV electrons and 6-10 MV photons).
VHEE ACCELERATOR: RF GUN, LINAC AND RADIOBIOLOGY BEAM LINE
The PRAE accelerator consists of a photo-injector, an acceleration section and two beam lines with the corresponding experimental setups: the subatomic physics in the direct line and the instrumentation and radiobiology platform sharing the deviated line, as shown in Figure 1 . The RF gun is located on the left of this figure. The cyan box shows the first HG linac. After the linac, a quadrupole doublet is used to focus the beam. A drift space of about 4 meters is left for a second HG linac which can boost the electron energy to 140 MeV in future. A quadrupole triplet is used to confine the beam as well as allowing to measure the beam emittance. After the triplet, a dogleg with two 30 • dipole magnets (pink boxes) are used to deviate the beam following the building constrains and providing a separated area for the radiobiology experiments. Between the dipoles three quadrupoles are used to match the dispersion and beta function. Finally, another quadrupole triplet is used to achieve the beam requirements for the Grid mini-beams and FLASH modalities.
RF Gun and Linac
Since the Grid mini-beam requires a low-emittance beam (5 mm mrad is assumed), a photo-injector has been chosen as the electron source. The photo-injector consists of a normal conducting RF gun, a drive-laser and two focusing solenoids. To obtain high-charge (1nC) per bunch, a metallic magnesium photocathode will be used. The RF gun is a Sband (3GHz) gun, made of 2.5 copper cells, magnetically coupled to a waveguide. To get an emittance lower than 5 mm mrad for the high bunch charge, an accelerating field of 80 MV/m is required, which means a RF power of 5 MW in a 3 µs pulse. The electron energy gain at the exit of the gun will be about 5 MeV. Using the magnesium cathode, a laser with wave length of 266 nm is adopted. The pulse length for the laser is chosen as 3 ps. After the RF gun, an instrumentation To make the machine more reliable and compact, a High Gradient (HG) S-band linac is chosen. The HG accelerating structure will be a travelling wave (TW), quasi-constant gradient section and will operate at 3 GHz (30 • C in vacuum) in the 2π/3. mode. The RF design consists of 97-cells (95 regular cells + 2 coupling cells), with a length of 3.47 m. Such structure will provide an energy gain of 65 MeV for an input peak power of 30 MW. The structure is being fabricated by Research Instruments [6] .
First preliminary simulations for the injector are described in [7] , a new campaign of simulations has been launched to optimize globally the RF gun and the linac to get the smallest emittance to match the requirement of Grid mini-beams. The simulations have been realised using ASTRA [8] for the RF gun and RFTrack [9] for the linac.
The Radiobiology Beam Line: Grid Mini-Beam and FLASH
The radiobiology beam line has been designed with a large flexibility to achieve the beam requirements of the Grid mini-beams and FLASH:
• Grid mini-beam: transverse beam sizes of less than 700 µm with low beam divergence, [10, 11] .
• FLASH: transverse beam sizes of around 10 mm with a dose of 10 Gy with beam on time 100 ms (5 bunches at 50 Hz), i.e. 100 Gy/s, [12] .
In the following, the Grid mini-beam with three different energies (70, 140 and 300 MeV) and the FLASH for 70 MeV are illustrated. For each energy, we first use the program MADX [13] to match the beam line in order to provide proper beam properties. Then the simulated beam from the RF gun and linac will be tracked along the beam line by the program PLACET [14] . The phase space at the end of the beam line are shown for each case. Geant4 [15] is used to simulate the transport of the beam in air and for simulating biological samples water is used. Figure 2 shows the optics beam line in the top, the beam envelope along the beam line is less than 2 mm. The phase space at the end of the radiobiology beam line is shown in the bottom. The beam sizes at the end of the beam line are σ x =207µm and σ y =240µm. Similar optics have been calculated for the 140 and 300 MeV energies. The interaction with the beam with 10 cm of air and 30 cm of water are shown in Figure 3 for 70, 140 and 300 MeV. The beam in the air gap of 10 cm will not diverge greatly because it reaches the beam waist at the exit of vacuum beam pipe. The beam sizes after the air box are σ x =250, 200, 340 µmm and σ y =290, 170, 330 µmm respectively for 70, 140 and 300 MeV. When the beam enters the water, it will interact strongly: the energy will be reduced and the beam size will be enlarged. In the 70 MeV case the beam sizes become σ x =5.5 mm, σ y =5.5 mm after traversing 9 cm of water. At 15 cm in water, they become σ x =17.3 mm, σ y =17.4 mm. For 140 MeV the maximum dose deposition is at around 19 cm. The beam sizes become σ x =3.3 mm, σ y =3.3 mm after traversing 9 cm of water. At 15 cm in water, they become σ x =7.5 mm, σ y =7.6 mm. We could observe that the most intensive energy deposition region shifts a little to the depth compared to the 70 MeV beam. After several centimetres, the region of energy deposition become large. In the 300 MeV case the beam sizes become σ x =2.0 mm, σ y =2.0 after 9 cm of water. At 15cm in water, they become σ x =4.1 mm, σ y =5.2 mm. We could observe that at this energy the most intensive energy deposition region shifts deeper compared to the 140 MeV beam. The divergence of the 300 MeV beam at 30 cm water depth is very limited. The FLASH Beam In order to obtain the 10 × 10 mm transverse beam size, the dispersion from the dipoles dog-leg will be used. Two methods are used to generated the FLASH beam. For the first method in the horizontal plane, we can keep the dispersion unclosed, but in the vertical plane, there is no dispersion generated for a beam without coupling. So the quadrupole in the middle of dog-leg is changed to a skew quadrupole, which can couple the horizontal dispersion to the vertical plane. The second method consists of using the dispersion only in the horizontal plane, generating a large divergence in the vertical plane. The beam optics for the two methods are shown in Figure 4 . In a similar way as in the Grid mini-beam GEANT4 has been used to simulate the interaction with the beam with air and water. In this case an air box of 1 meter and water box of 30 cm are used. The results for a 70 MeV beam are shown in Figure 5 . In Method 1 after 1 meter of air the beam will not diverge because the beam is tuned to have a small divergence. The beam sizes after the air box are σ x =11.4 mm and σ y =12.0 mm. When the beam enters the water, it will diverge quickly. The maximum dose deposition is the same as for the Grid mini-beam, i.e. around 10 cm. The beam sizes become σ x =13.6 mm and σ y =14.0 mm after 9 cm of water. At 15 cm in water, they become σ x =18.2 mm and σ y =18.4 mm. The most intensive energy deposition region is located at the beginning of the water. After several centimetres, the region of energy deposition becomes large. For Method 2 the beam will diverge a lot due to large divergence at the end of the beam line. The beam size after the air box are σ x =20.3 mm and σ y =17.3 mm. When the beam enters the water, it will not diverge as quickly as for the Grid mini beam beam because they have already a relative large beam size. The dose profile is the same as the Method 1. The beam sizes become σ x =21.4 mm and σ y =17.6 mm after 9 cm of water. After 15 cm of water, they become σ x =24.6 mm and σ y =21.6 mm. The relative large beam also gives a high dose in a relatively large region while the energy being mainly deposited at depths under 15 cm. 
The Grid Mini-Beam
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SUMMARY
VHEE as a novel RT technique is being investigated and is showing very promising simulation and first experimental results. Here we are considering two new ways of dose delivery to mitigate the RT effects in healthy cells: the spatial fractionation with Grid mini-beams and FLASH high-dose rate ultra-short delivery time. Beam optics design and performance simulations to create a radiobiology experiment with Grid mini-beams and FLASH ultrahigh dose rate delivery treatment modalities in the same beam line are developed. The results are encouraging and a more in depth technical feasibility study is ongoing in order to demonstrate experimentally these innovative treatment modalities
